Purpose The mechanisms underlying doxorubicin cytotoxicity and cardiotoxicity were broadly explored but remain incompletely understood. A multiscale physiologically-based pharmacokinetic (PBPK) model was developed to assess doxorubicin dispositions at levels of system, tissue interstitial, cell, and cellular organelles. This model was adopted to explore the mechanisms-of-action/toxicity of doxorubicin in humans. Methods The PBPK model was developed by analyzing data from mice and the model was verified by scaling up to predict doxorubicin multiscale dispositions in rats and humans. The multiscale dispositions of doxorubicin in human heart and tumors were explicitly simulated to elucidate the potential mechanisms of its cytotoxicity and cardiotoxicity. Results The developed PBPK model was able to adequately describe doxorubicin dispositions in mice, rats and humans. In humans, prolonged infusion, a dosing regimen with less cardiotoxicity, was predicted with substantially reduced free doxorubicin concentrations at human heart interstitium, which were lower than the concentrations associated with oxidative stress. However, prolonged infusion did not reduce doxorubicin-DNA adduct at tumor nucleus, consistent with clinical observations that prolonged infusion did not compromise anti-tumor effect, indicating that one primary anti-tumor mechanism was DNA torsion. Conclusions A multiscale PBPK model for doxorubicin was developed and further applied to explore its cytotoxic and cardiotoxic mechanisms.
INTRODUCTION
Doxorubicin is one of the most widely prescribed antineoplastic agents for solid carcinoma and leukemia (1, 2) . However, the high anti-tumor efficacy of doxorubucin is always compromised by its high risk of fatal cardiotoxicity. About 7 to 26% of patients would develop congestive heart failure when the cumulative dose is over 550 mg/m 2 (3) . This cumulative doseassociated cardiotoxicity has posted a great challenge to doxorubicin broad prescription (4) . Potential mechanisms underlying doxorubicin cytotoxicity and cardiotoxicity have been broadly investigated, but it remains an incompletely understood issue.
Most previous investigations on the mechanisms of doxorubicin action were performed in cellular contexts. Cell-based assays are usually adopted to mimic the tissue interstitial condition, where cells directly interact with the drugs. Drug concentrations at tissue interstitium are known to be essential in predicting cytotoxicity. However, directly measuring doxorubicin in human tissues interstitium is not only technically difficult but also ethically challenging. Plasma doxorubicin concentrations were usually adopted to correlate with in vitro studies to predict the toxic mechanisms (5) . DNA synthesis inhibition (> Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11095-018-2456-8) contains supplementary material, which is available to authorized users.
2 μM) was often excluded from the possible mechanisms of its cytotoxicity because a surreally high dose required to achieve a related concentration (6) . Other mechanisms of cytotoxicity for doxorubicin were also found concentration-dependent, which include oxidative stress (> 0.1 μM), topoisomerase II inhibition (> 0.4 μM), DNA torsion (> 0.025 μM), and cardiomyocyte apoptosis (> 0.1 μM) (6) .
Because of massive nucleotide intercalation, there is a remarkable concentration gradient between plasma and tissue. Doxorubicin concentrations at tissue interstitial fluid, intracellular nucleus, plasma are of multifold difference. For instance, tissue average doxorubicin concentrations is nearly 50-fold higher than that in plasma (7, 8) , intracellular doxorubicin concentration is about 200-fold higher than extracellular concentration (9) . Therefore, predictions of doxorubicin concentrations in different biological spaces is extremely important to help explore its potential cytotoxic mechanisms in humans.
When only animal data is available and human tissue cannot be experimentally accessible, physiologically-based pharmacokinetic (PBPK) models are of high value to predict drug dispositions at human tissues and even sub-tissues (10, 11) . Thus, PBPK models would be a valuable tool to better evaluate these concentration-dependent cytotoxic mechanisms in human physiological contexts. Several PBPK models had been reported in the literature to characterize doxorubicin systemic dispositions (12) (13) (14) . Unlike previous studies, one purpose of the present study is to predict multiscale disposition of doxorubicin in humans, and then with it to explore the potential mechanisms underlying doxorubicin cytotoxicity and cardiotoxicity. To achieve such a goal, the developed PBPK model entailed doxorubicin dispositions at scales of system, tissue interstitium, tissue cells, and cell nucleus, especially in heart and tumor, two toxicity and efficacy associated tissues, respectively.
MATERIALS AND METHODS

PK Data Collection
Literature search was conducted to collect doxorubicin PK and tissue distribution data in mice, rats and humans. The inclusion and exclusion criteria are: (1) the dosing approach should be i.v. bolus of doxorubicin solution, (2) no other drug was simultaneously administered, and (3) studies that only reported blood concentrations were excluded by considering the concentration difference between blood and plasma (15, 16) . For each included paper, plasma and/or tissue concentration-time profiles were collected. The plasma concentration-time profiles were extracted using Digitizer (17) . All studies used HPLC with fluorescent detectors to measure both plasma and tissue concentrations. Doxorubicin concentration-time profiles in plasma and tissues were extracted from 9 studies for mice, 11 studies for rats, and 7 studies for humans (references in supplemental materials, . All studies reported plasma concentration-time profiles and most studies had tissue concentration-time profiles. Nine sets of tissue data were collected for mice, including tumor, heart, liver, spleen, kidney, lung and gut; 6 sets of tissue data were collected in rats, including heart, liver, spleen, kidney and lung; and 2 sets of tissue data were collected in humans, including liver and tumor. Considering doxorubicin exhibits linear PK, concentrations were then normalized to 10 mg/kg for mice, 6 mg/kg for rats and 50 mg/m 2 for humans for comparisons across doses.
PBPK Model
A PBPK model was developed to include 7 tissues: tumor, heart, liver, spleen, lung, kidney, and gut (Fig. 1a) . Other tissues were collectively lumped as Bothers^compartment. To explore the multiscale kinetics, each tissue was further divided into four sub-compartments: vascular, interstitial, intracellular, and nucleus (Fig. 1b) . Tissues were connected through venous and arterial blood. Considering doxorubicin is greatly accumulated in blood cells and doxorubicin concentration in blood is about 200-500 times higher than plasma (16, 18) , the blood compartment was further divided into blood cells and plasma sub-compartments.
In the PBPK model, Fick's law of perfusion was used to describe the diffusion of doxorubicin across vascular membrane. Albumin is known as the major binding protein in interstitial fluid and plasma. The concentration ratios of albumin between interstitial fluid and plasma were used to calculate the interstitial fluid/plasma partition coefficient, K pt_org :
where E/P is the concentration ratio of albumin between interstitial fluid and plasma, and E/P value for each tissue was obtained from the literature (19) . f up is the free fraction of doxorubicin in plasma, which was set to literature value 0.26 (20) . Fick's law of diffusion was applied to describe the distribution process of doxorubicin across cytoplasmic membrane. PER is the cytoplasmic membrane permeability coefficient and S org is the total surface area of cell membrane in each tissue. The cross membrane distribution of doxorubicin involves diffusion and transporter-mediated process. The diffusion rate was estimated to be 0.000756 by analyzing doxorubicin cellular uptake data from the literatures (21, 22) . Fra, a parameter reflects the joint effect of influx/efflux transporters, which is inversely proportional to the activities of efflux transporter, such as P-gp. Fra was optimized around 100 to well capture the quick cellular uptake profiles of doxorubicin in cellular uptake studies. The product of PER and S org , represents the diffusion rate of doxorubicin across cytoplasmic membrane. S org was calculated as:
where V e_org is the intracellular volume, V cell is the volume of a cell, S cell is the membrane surface area of a cell. The intracellular to interstitial partition coefficient was determined by two factors: pH gradient and nonspecific protein binding, which were respectively denoted by K pp and K p . K pp , the partition coefficient associated with pH gradient, was calculated:
where pK a (= 8.15) is doxorubicin acid dissociation constant. pH i (= 7.4) and pH e (= 7.0) are interstitial and intracellular pH. For solid tumors, interstitial pH is usually much lower than 7.0, often in the range of 6.5~7.0 (23), which would support a lower K pp value in tumors. K p , partition coefficient due to nonspecific protein binding, was optimized. Considering extremely fast binding process of doxorubicin to DNA (24), a quasi-equilibrium model was assumed to describe kinetics of doxorubicin-DNA intercalation. The folded structure of DNA makes doxorubicin only bind to a portion of nucleotides and the fraction was set to a literature value of 0.18 (22) .
Hepatic metabolism and bile excretion are the main elimination routes for doxorubicin, with a small portion of doxorubicin excreted by kidney (20) . In the model, hepatic-biliary elimination was assumed to account for 92% of total clearance and the rest 8% was assumed as renal clearance according to the literature (25, 26) .
All symbols and parameters used in the model are shown in the glossary (Table S1 , supplemental materials). The general differential equations for plasma and tissue compartments are:
Blood compartment:
where the abbreviations represent doxorubicin concentrations in artery (C a ), vein (C p ), interstitial fluid (C i_org ), and lung (C i_lung ). C et_blood is doxorubicin concentration in cytoplasm of blood cells. C e_blood is DNA-bound complex concentration in blood cells. Q org and Q lung are blood flows in each organ and lung. V p and V a are venous and artery volumes. V e_blood and S blood are volume and surface area of blood cells. K pt_org indicates interstitial fluid/plasma partition coefficient in each tissue, and K p_blood is blood cell/plasma partition coefficient. CL renal is renal clearance. In Eq. (4) to (6), org represents all the tissues except lung. Tissue compartment:
Nucleus sub-compartment (27) :
Interstitial sub-compartment:
Cytoplasmic sub-compartment:
Doxorubicin concentration in the interstitial fluid (ISF) of liver:
where the abbreviations represent interstitial fluid (C i_org ), intracellular total (C et_org ), intracellular free concentrations (C e_org ), DNA concentrations (CN org ), equilibrium dissociation constant of DNA intercalation (K d ), volume of interstitial fluid (V i_org ), intracellular volume (V e_org ) and hepatic intrinsic clearance (CL hepatic ). Physiological parameters used in this model were listed in Table S2 (supplemental materials) for mice,  Table S3 for rats, and Table S4 for humans (28) . Drug specific parameters such as clearance, K p_org , and K d were jointly optimized using ADAPT 5 (http://bmsr. usc.edu/Software/ADAPT/) with NLEM method. The plasma and tissue data from mice were simultaneously fitted using Maximum likelihood estimation with the following variance model:
where Var(t) is the variance of the concentration at a specific time point, σ 1 and σ 2 are the additive and p r o p o r t i o n a l v a r i a n c e , Y ( t ) i s t h e p r e d i c t e d concentration at time t. The model would be accepted based on a combination of subjective criteria: the predicted profiles is well correlated with literature average profiles and the majority (> 80%) of the observations fall within the model predictive ranges.
Model Across-Species Scaling and Multiscale Simulations
The PBPK model developed based on mouse data was then scaled up to rats and humans to assess the scalability and predictability of the developed PBPK model. Clearance was scaled up according to (29) :
where BW is the body weight, and B is the scaling coefficient that was usually fixed to a conventional value 0.75. Monte Carlo simulation was conducted to generate 90% prediction interval of concentration-time profiles using Berkeley Madonna (version 8.3.23; http://www.berkeleymadonna. com/). K p_liver , K p_heart and K p_kidney were optimized around 20, 15 and 8 respectively to account for the distribution differences in these issues between mice and rats, and these differences are suspected to be partly associated with high sample contamination as these tissues usually have high trapped blood. The estimated inter-study variation of parameters was assumed constant across species. 30% variation of blood flow in humans was incorporated to account for the inter-patient variability. To fully optimize the variability of cardiac output, PBPK Bayesian population modeling is required, which is beyond the scope of this study. The simulated concentration-time profiles were overlaid with experimental data from rats and human to evaluate the predictive performance of the PBPK model. To illustrate sub-tissue kinetics in humans, the concentration-time profiles of doxorubicin in plasma, tissue interstitium, tissue cell cytoplasm, and cell nucleus were simulated. The DNA bound concentration was:
where C e_org is the free concentration and C et_org is total concentration of doxorubicin in cytoplasm.
Exploration of Cytotoxic and Cardiotoxic Mechanisms
Several cytotoxic mechanisms have been explored in the literature, mostly in in vitro studies: DNA synthesis inhibition (> 2 μM), oxidative stress (> 0.1 μM), topoisomerase II inhibition (> 0.4 μM), DNA torsion (> 0.025 μM), and cardiomyocyte apoptosis (> 0.1 μM) (6). The most relevant concentrations to cytotoxicity are drug concentrations in cells or nucleus, however, the concentrations concluded in in vitro studies were largely based upon concentrations in cell medium, which are more relevant to concentrations in tissue interstitial fluid. Therefore, the interstitial doxorubicin concentrations were simulated at each tissue and we could compare these cytotoxic concentration ranges with simulated profiles to explore the primary cytotoxic mechanism in human heart and tumors. In addition, prolonged continuous infusion showed lower incidence of cardiotoxicity and did not compromise antitumor efficacy in comparison with bolus dosing (30) . We then simulated the concentration-time profiles after 6 h infusion and compared that with profiles after bolus dosing, in order to examine if the developed PBPK model could predict the reduced cardiotoxicity and comparable efficacy after prolonged infusion.
Sensitivity Analysis
Sensitivity analysis was performed to several drug specific parameters and certain physiological parameters in change of plasma and tissue AUC (area under the curve): K D , S, K pp , Fr, Fra, CL hepatic , K p_blood , K p_lung , K p_gut , K p_spleen , K p_liver , K p_kidney , K p_heart , K p_tumor and K p_others , where Fr is a fraction of available total nucleotides and Fra is a parameter reflecting transporters-dependent membrane permeability. The dynamic range of these parameters was set from 0.5 to 2-fold of the estimated or original values. AUC ratio (to original AUC) was simulated to test the sensitivity of model parameters. In addition, tissue AUC was normalized by plasma AUC to assess the sensitivity of model parameters to tissue distribution.
RESULTS
The Developed PBPK Model
The developed PBPK model extensively incorporated prior knowledge to improve model identifiability and stability. The optimized parameters were listed in Table I and the fitting curves for mice were shown in Fig. 2 . Overall, the developed PBPK model adequately captured the plasma and tissue concentration-time profiles in mice based on VPC, and most of model parameters were estimated with high precision (low relative standard deviation, RSD %). As shown in Fig. 2 , the variability of individual study was nicely reproduced by Monte Carlo simulation, with most of the observations falling within the 90% percentile (5-95%) of model simulations.
Parameter K pp , the partitioning coefficient due to drug ionization (i.e. pH), was calculated as 2.28, suggesting that approximately 2-fold higher concentrations of doxorubicin in tissue cytoplasm than that in interstitial fluid are associated with pH gradient. The calculated interstitial/plasma partition coefficient (K pt ) in three species were summarized in Table S2 -S4. K pt for gut was calculated as 0.94, and for other tissues was all 0.68. The hepatic intrinsic clearance was estimated as 199 mL/h in mice, which is equivalent to a plasma clearance 48.7 mL/h, in consistence with previous report (12) . The estimated partition coefficient K p was relatively high in spleen (5.74), liver (10.9), heart (5.63), and kidney (5.91), suggesting high nonspecific bindings of doxorubicin to cellular proteins in these tissues. A relatively lower K p values were obtained in tumors. The model predictions are consistent with general observations that doxorubicin is highly distributed into tissues with higher DNA levels, such as spleens and tumors.
Model across-Species Scaling and Simulations
The clearance of doxorubicin in rats and humans were predicted based on the allometric scaling principle (29) . The predicted clearance in rats and humans were 0.27 and 25.5 L/h, respectively, which are close to literature values (12, 27, 31) . As shown in Figs. 3 and 4 , based on the optimized parameters in mice (Table I) , the predicted median concentrations and variable ranges close to the observation in plasma and tissues in rats and humans. Dose-normalized doxorubicin concentrations in human breast, carcinoid, liver, and omental tumors were digitized from the literature and compared with our model predictions (32, 33) . In general, our developed model, using xenograft data, roughly predicted doxorubicin concentrations in human tumors. Doxorubicin concentrations in clinical tumors also showed high variability which was found closely related to the tumor blood flow (0.1~10 mL/min) and DNA concentrations (1.7~170 μmol/mL) ( Table S4 ). The possible range of tumor concentrations was shown in Fig. 4 with the provided ranges of tumor blood flow and DNA concentrations. Heart, liver, and kidney concentrations in rats and especially liver in human were under-predicted, even though most of determined tissue concentrations were within the 90% prediction interval. Species difference was herein suggested. However, no direct evidence was found in the literature to indicate such species difference. Therefore, we speculated that slightly higher concentrations of doxorubicin in rat liver, heart and kidney were partly associated with high residual bloods in these tissues. Multiscale distribution kinetics of doxorubicin in two target organs -heart and tumors -were specifically simulated. As shown in Fig. 5 , doxorubicin rapidly distributes across both vascular and cell membranes, and almost instantaneously achieves distribution equilibrium in heart. Doxorubicin shows high accumulations in DNA-bound form in nucleus, especially in the nucleus of cells in tumors. In accordance with previous experimental study, our simulation suggested 96.2% (95.1% in experiment) of doxorubicin is nucleus binding (34) . Plasma concentrations were slightly higher than interstitial concentrations in both heart and tumors, but much lower than that in cytoplasmic and nucleus. Interstitial concentrations are similar between heart and tumors, but nucleus concentrations in tumors are dramatically greater than those in heart, mainly because of excessive abundance of DNA binding sites associated with rapid cell division and proliferation.
Doxorubicin Mechanisms of Cytotoxicity and Cardiotoxicity
Doxorubicin concentrations used in previous cell-based assays were often associated with plasma average concentrations. Actually, the concentrations in tissue interstitial fluid rather that in plasma are equivalent to cell medium concentrations in in vitro assays. Thus, interstitial concentration-time profiles were applied to explore potential cytotoxic mechanisms. As shown in Fig. 6 , the cytotoxic concentration ranges for the potential mechanisms were overlaid with simulated profiles. Peak concentrations are about 4.5 μM in heart and 0.74 μM in tumors after bolus dosing (50 mg/m 2 ). Prolonged infusion lowered about 70-fold and 40-fold of peak concentration in heart and tumor interstitial fluid respectively. After prolonged infusion, interstitial concentrations in heart were simulated under 0.1 μM, which might not sufficient to the productions of substantial reactive oxidative species (ROS), as ROS relevant doxorubicin concentrations is usually believed higher than that for other cytotoxic mechanisms. Considering that prolonged infusion could reduce the mean fall in LVEF (left ventricular ejection fraction) from 21 to 6% after 400 mg/m 2 doxorubicin dosing (35), our simulation suggested that oxidative stress were considerably related to the mechanisms of doxorubicin cardiotoxicity after bolus administration. Nonetheless, these conclusions are generated based on in silico investigation and further experimental studies are warranted to confirm these in silico findings.
According to our simulations in Fig. 6 , the only possible cytotoxic effect during prolonged infusion is DNA torsion. Heart, not like tumors, have much slower DNA synthesis and cell proliferation, which result in limited accumulations of doxorubicin-DNA adducts. However, in tumors, the total levels of DNA-bound doxorubicin are similar between prolonged perfusion and bolus dosing. This is consistent with clinical observations that prolonged infusion would not compromise anti-tumor effect (35) , strongly suggested that DNA torsion largely drive cytotoxicity in tumors.
Sensitivity Analysis
Local sensitivity analysis are shown in Fig. 7 . As expected, except for hepatic clearance, most model parameters, such as K p_org , K pp , Fr, Fra and K D , showed limited sensitivity to plasma profiles, wherein 0.5~2-fold changes of parameter values only resulted in around 10% changes of plasma exposures. However, these parameters were quite sensitive to tissue distribution extent (AUC tissue /AUC plasma ), thus it is quite critical to have tissue concentration vs time data to develop the multiscale PBPK model and optimize all these model parameters.
DISCUSSION
A state-of-art PBPK model was developed for doxorubicin to explore its multiscale dispositions at levels of system, tissue interstitium, tissue cytoplasm, and cell nucleus. The PBPK model sufficiently described the pharmacokinetic and tissue distribution of doxorubicin in mice, rats, and humans. Its predictability and scalability were well demonstrated in our analysis. The developed model was then applied to explore the potential cytotoxic and cardiotoxic mechanisms for doxorubicin. The simulated interstitial concentration-time profiles in heart and tumors supported that oxidative stress might be the primary mechanism for doxorubicin cardiotoxicity and DNA torsion might largely drive cytotoxicity in tumors which could be eradicated by dosing schedule modification. Our simulations were in line with clinical observations, which showed that prolonged infusion of doxorubicin would greatly reduce cardiotoxicity, but did not compromise much DNA torsion-induced cytotoxicity in tumors. In comparison with the previously developed PBPK model for doxorubicin (12) , a remarkable feature of the present model is its multiscale characterizations of doxorubicin dispositions, which enabled the following evaluations of the mechanisms of actions in heart and tumors.
One challenge in development of complex PBPK models was the lack of stability and reliability to address clinically meaningful questions. Due to model dimensions and complexity, high uncertainties often persist in PBPK model development and predictions. To develop a PBPK with high predictability, we used the mouse data to develop the model and the rat and human data to calibrate and validate the model. Importantly, the developed PBPK model not only well predicted the average but also the varying ranges of plasma and 6 Simulated interstitial doxorubicin concentration-time profiles in heart and tumors after either prolonged infusion (6 h) or bolus dosing doxorubicin at 50 mg/m 2 to a 70 kg human. The concentration ranges for these cytotoxic mechanisms were overlaid: free radical formation/cardiomyocytes apoptosis, topoisomerase II inhibition, and DNA adduct formulation. The literature-supported concentration ranges for these mechanisms are: > 2 μM for DNA synthesis inhibition, > 0.4 μM for topoisomerase II inhibition, > 0.1 μM for oxidative stress and cardiomyocyte apoptosis and > 0.025 μM for DNA torsion (6) .
tissue concentration-time profiles in rats and humans. This is in contrast with most previous PBPK models that only used human plasma data to evaluate model predictive performance (36) (37) (38) .
Use of prior knowledge in complex PBPK models has become a common strategy to improve model stability and identifiability. Thereby, the sources and reliability of prior knowledge would be extremely critical, because any bias in prior knowledge would directly influence model predictive performance. Considering that human populations are heterogeneous with high diversity, we used PopGEN to simulate a virtual human population to reveal the general variabilities of several physiological parameters used in the developed PBPK model. We found that cardiac output is a critical parameter to influence doxorubicin disposition. 15% of heart interstitial doxorubicin concentration would be decreased when cardiac output is reduced by 10%. This is mainly because doxorubicin across vascular membrane is perfusionlimited and cardiac output essentially dominates the α-phase in plasma profiles. To recapitulate the high variabilities in the early phase of plasma profiles, we used 30% variability (results in PopGEN) of human cardiac output in Monte Carlo simulations. In addition, DNA concentrations in each tissue had been experimentally measured, but the fraction of available DNA binding sites was largely uncertain. Therefore, we used a literature reported value and our analysis suggested that such a fraction (Fr) was not a sensitive parameter to plasma and tissue concentrations. This is mainly because nucleotide concentrations (multiple binding sites/DNA) are usually much higher than doxorubicin concentrations, and several-folds changes of nucleotide concentrations would not significantly influence DNA-bound doxorubicin concentrations.
Polymorphisms involving doxorubicin metabolic enzymes (e.g. carbonylreductase) and transporters (e.g. ABCB1, SLC22A16) were reported to modulate doxorubicin disposition in humans (39, 40) . In this model, CL hepatic describes the elimination of doxorubicin in liver, which essentially reflect the metabolic enzyme activity. The value for CL hepatic can be updated once more information about the enzyme genotypes and activities become available. Fra is a parameter influencing the transporter-dependent permeability across cytoplasmic membrane. The value of Fra should be a function of transporter genotypes and functionality. Therefore, once more PK data at different genetic variants become available, the present model could be applied to explore the polymorphisms of metabolic enzymes and/or transporters.
Once established, PBPK models would be extremely useful to answer many drug development questions. Because of many mechanistic insights, PBPK models have been broadly used in assessments of drug-drug interactions, PK at specific patient population, and complex drug absorption and disposition. To our knowledge, this study was the first to use PBPK model to explore drug mechanism-of-action/toxicity for chemotherapeutic drugs. The multiscale nature of the developed PBPK model enabled us to evaluate and compare the potential mechanisms of doxorubicin cardiotoxicity and cytotoxicity. And the model suggested that oxidative stress was the primary cardiotoxic mechanism and DNA torsion largely drove cytotoxicity in tumors. Further experimental studies are warranted to confirm the in silico findings.
CONCLUSION
In this study, we developed a multiscale and multispecies PBPK model for doxorubicin, which could predict the dispositions of doxorubicin at multiple biological scales (system, tissue, cellular and subcellular). With the developed PBPK model, we explored the potential mechanisms of doxorubicin cardiotoxicity and cytotoxicity and concluded that the mechanisms for its cardiotoxicity primarily involved oxidative stress and DNA torsion may greatly drive its cytotoxic effect in tumors.
